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Introduction {#s1}
============

High-resolution imaging modalities such as computed tomography (CT) and magnetic resonance imaging are increasingly being used as adjuncts to traditional forensic methods in postmortem studies [@pone.0111457-Thali1]--[@pone.0111457-Flach1]. However, clinical radiologists may experience difficulty interpreting postmortem images because of specific and nonspecific postmortem signs [@pone.0111457-Christe1]. As guidelines for the diagnosis of postmortem images are now being established worldwide, it is important to understand the normal changes on postmortem CT. The postmortem CT features of several organs have already been described [@pone.0111457-Shiotani1]--[@pone.0111457-Ishida4]. To our knowledge, however, there are no reports describing the postmortem changes in CT attenuation of striated muscle. Therefore, we conducted a quantitative study in which we compared the attenuation of striated muscle between postmortem and antemortem CT in patients who died in hospital from nontraumatic causes. The results revealed significant difference in the attenuation of striated muscle between postmortem and antemortem CT.

Materials and Methods {#s2}
=====================

Study design and donors {#s2a}
-----------------------

The Research Ethics Committee of the University of Tokyo Hospital approved this study, which was conducted in accordance with the principles of the Declaration of Helsinki. Written informed consent was obtained from the donor\'s next of kin to use the clinical, pathological, and radiographic data in this study. A total of 73 patients who died from nontraumatic causes in our academic tertiary care hospital and who underwent unenhanced chest antemortem CT, postmortem CT, and pathological autopsy between April 2009 and December 2010 were retrospectively enrolled in this study. Potential donors were excluded for any of the following reasons: (a) age \<20 years; (b) treatment with cardiopulmonary resuscitation; (c) diagnosis of congenital heart disease, chronic heart failure, cardiomyopathy, cardiac hypertrophy, or heart amyloidosis; prior cardiovascular surgery; or diagnosis of muscular disorders, such as amyotrophic lateral sclerosis, muscular dystrophy, myositis, or myasthenia. Criterion (c) was confirmed by pathological autopsy. After applying these exclusion criteria, 33 adult human cadavers (22 males, 11 females) were included in this study. The mean age at death was 66 years (range, 21--92 years; median, 72 years). All cadavers were placed in the supine position at room temperature from the time of death until postmortem CT. Antemortem CT was performed at a median of 17 days before death (range, 1--184 days). Postmortem CT was performed at a median of 464 min after death (range, 94--1175 min), followed by pathological autopsy.

Antemortem CT imaging {#s2b}
---------------------

Antemortem CT scans were performed for reasons of clinical necessity such as for diagnosis or to ascertain the condition of hospitalized patients. All scans included at least the chest; patients were not excluded from the study if other regions of the body were scanned.

All antemortem CT studies were performed on 64-detector-row helical CT scanners (Aquilion 64, Toshiba Medical Systems Corporation, Ohtawara, Japan; Discovery CT750 HD and LightSpeed VCT, GE Healthcare, Buckinghamshire, UK) in the craniocaudal direction with the patient in the supine position with both arms raised. The scan parameters were as follows: slice thickness, 5 mm; slice interval, 5 mm; rotation time, 0.5 s; and tube voltage, 120 kVp. Automatic tube current modulation was performed by Volume EC (Toshiba) and AutomA (GE). Images were reconstructed at 0.5 mm intervals with a 350 mm field of view and a 512×512 image matrix.

Postmortem CT imaging {#s2c}
---------------------

Postmortem CT scans of the whole body were performed to examine the cause of death.

All postmortem CT studies were performed without contrast medium on a 4-detector-row CT scanner (Robusto, Hitachi Medical Corporation, Tokyo, Japan) in helical mode, in the craniocaudal direction. For all scans, the cadaver was laid in the supine position with arms placed on either side of the body. The scan parameters were as follows: slice thickness, 2.5 mm; slice interval, 1.25 mm; rotation time, 0.5 s; tube voltage, 120 kVp; and tube current, 250 mA. Images were reconstructed at 1.25 mm intervals with a 350 mm field of view and a 512×512 image matrix.

Image interpretation {#s2d}
--------------------

All images were interpreted by a radiologist who was not provided with clinical information. The postmortem and most recent antemortem unenhanced chest CT images were compared. CT images were reviewed on a three-dimensional workstation (ZioTerm2009, Ziosoft, Inc., Tokyo, Japan) to obtain multiplanar reconstruction images perpendicular to the line transecting the apex and the center of the mitral valve. A slice at approximately one third of the distance from the apex, corresponding to a pathological section of the heart, was chosen for the analysis. Using the multiplanar reconstruction images, we measured CT attenuation (in Hounsfield units; HU) at three points in each of the following four cardiac muscle sites: anterior wall of the left ventricle, left ventricular free wall, posterior wall of the left ventricle, and the ventricular septum ([Fig. 1A,B](#pone-0111457-g001){ref-type="fig"}). The mean values of the three points at each site were calculated. The CT attenuation (in HU) was also determined for the pectoralis major muscle and the erector spinae muscle at the level of the aortic arch ([Fig. 2A,B](#pone-0111457-g002){ref-type="fig"}). CT attenuation was measured by setting a circular region of interest (ROI) to the center of each muscle. ROI size was as large as possible without being affected by partial volume phenomena, and the average CT attenuation within the ROI was used for analysis.

![Antemortem and postmortem CT images of the heart in a representative patient.\
A: Multiplanar reconstruction image obtained by antemortem CT. B: Multiplanar reconstruction image obtained by postmortem CT. Both images were obtained in same plane. A, anterior wall of the left ventricle; F, left ventricular free wall; P, posterior wall of the left ventricle; S, ventricular septum.](pone.0111457.g001){#pone-0111457-g001}

![Antemortem and postmortem CT images of the pectoralis major muscle and the erector spinae muscle in a representative patient.\
A: Antemortem CT. B: Postmortem CT. Both images were obtained at the level of the aortic arch. PMM, pectoralis major muscle; ESM, erector spinae muscle.](pone.0111457.g002){#pone-0111457-g002}

Statistical analyses {#s2e}
--------------------

We compared the CT attenuation of six sites of striated muscle (i.e., four cardiac muscle sites: anterior wall of the left ventricle, left ventricular free wall, posterior wall of the left ventricle, ventricular septum; and two skeletal muscle sites: pectoralis major muscle and erector spinae muscle) between antemortem CT and postmortem CT using paired *t* tests. Significant differences among the four cardiac muscle sites were determined using Friedman\'s test. Significant differences between the two skeletal muscle sites were determined using the paired *t* tests. Significant differences between the group of cardiac muscles and that of skeletal muscles were analyzed by unpaired *t* tests. Postmortem change in the CT attenuation of striated muscle was defined as the ratio of CT attenuation of striated muscle on PMCT to that on AMCT. We used the unpaired t-test to analyze postmortem change in the CT attenuation of striated muscle with gender, and linear least squares regression for that with age and elapsed time since death. The level of statistical significance was set at 0.05. Family-wise error was corrected by Bonferroni\'s correction for each section. All statistical analyses were performed using R version 3.0 (The R Foundation for Statistical Computing, Vienna, Austria; <http://www.r-project.org/>).

Results {#s3}
=======

The CT attenuation values (in HU) of the four cardiac muscle sites and the two skeletal muscle sites on antemortem and postmortem CT are shown in a scatter plot ([Fig. 3A,B](#pone-0111457-g003){ref-type="fig"}). These results are also summarized in [Table 1](#pone-0111457-t001){ref-type="table"}. Both cardiac and skeletal muscle showed significantly greater attenuation on postmortem CT than on antemortem CT. The Friedman test showed that there were no significant differences in CT attenuation among the four sites of cardiac muscle either on antemortem or on postmortem CT. There were also no significant differences in CT attenuation between the two sites of skeletal muscle either on antemortem or on postmortem CT. There were significant differences in CT attenuation between the cardiac and skeletal muscle groups on antemortem CT (P\<0.001) but not on postmortem CT.

![Scatter plot of the CT attenuation values of cardiac and skeletal muscle on antemortem and postmortem CT.\
A: Cardiac muscle. B: Skeletal muscle.](pone.0111457.g003){#pone-0111457-g003}
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###### Comparison of striated muscle attenuation in four cardiac muscle sites, the pectoralis major muscle, and the erector spinae muscle, between antemortem CT and postmortem CT.

![](pone.0111457.t001){#pone-0111457-t001-1}

  Site                                    Antemortem CT attenuation (HU)   Postmortem CT attenuation (HU)   *P* value[\*](#nt102){ref-type="table-fn"}
  -------------------------------------- -------------------------------- -------------------------------- --------------------------------------------
  Cardiac muscle                                                                                           
  Anterior wall of the left ventricle                36.8±6.2                         42.5±4.6                               \<0.001
  Left ventricular free wall                         38.1±6.2                         44.1±3.7                               \<0.001
  Posterior wall of the left ventricle               40.0±3.8                         43.8±3.7                               \<0.001
  Ventricular septum                                 39.6±3.4                         42.5±3.2                               \<0.001
  Skeletal muscle                                                                                          
  Pectoralis major muscle                            33.7±6.8                         43.3±5.9                               \<0.001
  Erector spinae muscle                              34.1±8.0                         41.7±5.6                               \<0.001

Values are presented as the mean ± standard deviation.

\*Paired *t* tests.

CT, computed tomography; HU, Hounsfield units.

[Table 2](#pone-0111457-t002){ref-type="table"} summarizes the association of postmortem change in the CT attenuation of striated muscle with gender. Gender showed no statistically significant association with postmortem change in the CT attenuation of striated muscle, at any of the tested sites.

10.1371/journal.pone.0111457.t002

###### Association between postmortem change in the CT attenuation of striated muscle and gender.

![](pone.0111457.t002){#pone-0111457-t002-2}

  Site                                    Male (PM/AM)   Female (PM/AM)   P value
  -------------------------------------- -------------- ---------------- ---------
  Cardiac muscle                                                         
  Anterior wall of the left ventricle       1.1±0.2         1.3±0.3        0.09
  Left ventricular free wall                1.1±0.2         1.3±0.2       0.03\#
  Posterior wall of the left ventricle      1.1±0.1         1.2±0.2       0.04\#
  Ventricular septum                        1.1±0.1         1.1±0.1        0.10
  Skeletal muscle                                                        
  Pectoralis major muscle                   1.3±0.3         1.1±0.3        0.08
  Erector spinae muscle                     1.4±0.3         1.3±0.3        0.29

Statistical analyses were performed by unpaired t-test.

Values are presented as the mean ± standard deviation.

CT, computed tomography; HU, Hounsfield units; PM/AM, ratio of CT attenuation of striated muscle on postmortem computed tomography to that on antemortem computed tomography.

\#Statistically insignificant when family-wise error was corrected by Bonferroni\'s correction.

[Table 3](#pone-0111457-t003){ref-type="table"} shows the results of correlation analysis for postmortem change in the CT attenuation of striated muscle with each of age and elapsed time since death. No statistically significant correlation was found at any site.

10.1371/journal.pone.0111457.t003

###### Correlation of association between postmortem change in the CT attenuation of striated muscle with age and with elapsed time since death.

![](pone.0111457.t003){#pone-0111457-t003-3}

  Site                                    Age    Elapsed time since death
  -------------------------------------- ------ --------------------------
  Cardiac muscle                                
  Anterior wall of the left ventricle     0.79             0.12
  Left ventricular free wall              0.98             0.34
  Posterior wall of the left ventricle    0.30             0.05
  Ventricular septum                      0.38             0.32
  Skeletal muscle                               
  Pectoralis major muscle                 0.09             0.45
  Erector spinae muscle                   0.51             0.34

Statistical analyses were performed by linear least squares regression.

CT, computed tomography.

Discussion {#s4}
==========

Although several studies have evaluated the postmortem changes of the cardiovascular system [@pone.0111457-Shiotani2]--[@pone.0111457-Takahashi1], few studies have examined the changes in CT attenuation. Shiotani et al. [@pone.0111457-Shiotani2] reported that the attenuation of the aortic wall was greater on postmortem CT than on antemortem CT. They also reported that compression of aortic wall components, including collagen fibers, elastic fibers, and smooth muscle, may contribute to the hyperattenuation on postmortem CT. Okuma et al. [@pone.0111457-Okuma1] reported that the heart wall is thicker on postmortem CT than on antemortem CT, which suggests that postmortem contraction of cardiac muscle may cause increase the attenuation of cardiac muscle on postmortem images, as observed in our study.

In the present study, the CT attenuation of the pectoralis major muscle and the erector spinae muscle was significantly greater on postmortem CT than on antemortem CT in the same patients. Lewy et al. [@pone.0111457-Lewy1] reported that postmortem CT did not depict findings specific for rigor mortis, and that rigor did not affect CT attenuation, or the size and shape of skeletal muscles. However, it is well known in the fields of forensic medicine and pathology that rigor mortis causes contraction of striated muscle [@pone.0111457-Smith1]. Because CT attenuation is affected by the density of muscle [@pone.0111457-Mull1], the greater attenuation on postmortem CT than on antemortem CT is consistent with the contraction of striated muscle in rigor mortis.

There were no significant intra-group (among the four cardiac muscle sites or between the two skeletal muscle sites) differences in CT attenuation either on antemortem or postmortem CT. Even though they are named differently, the properties of cardiac muscle at different sites in the heart can be quite similar. Regarding the two sites of skeletal muscle, the pectoralis major and erector spinae muscles may also show similar CT attenuation values. Muscles are known to exhibit broad regional differences in muscle fiber density [@pone.0111457-Hadar1], [@pone.0111457-Hawley1] and in CT attenuation [@pone.0111457-Bulcke1], [@pone.0111457-Termote1]. We would have observed a wider variety of CT attenuation values in the group of skeletal muscle if more muscle regions had been added to the analysis.

Antemortem CT attenuation was significantly different between the cardiac and skeletal muscle groups. Because of the marked differences in cardiac and skeletal muscle in terms of their physiological properties as well as their pathological responses, the difference in CT attenuation between these two categories of muscle could reflect these differences in properties. The broad regional differences in muscle fiber density [@pone.0111457-Hadar1], [@pone.0111457-Hawley1] and CT attenuation [@pone.0111457-Bulcke1], [@pone.0111457-Termote1] mentioned earlier mean that the significant differences in antemortem CT attenuation among muscles in different regions detected in this study are to be expected. Although Bulcke et al. [@pone.0111457-Bulcke1] and Termote et al. [@pone.0111457-Termote1] reported similar findings---that the sternocleidomastoideus and iliopsoas are characterized by high attenuation and the gracilis and triceps surae are characterized by low attenuation---there were large differences in the measured CT values for the same muscles. Therefore, we cannot compare the absolute values determined in this study with those of previous studies.

Somewhat unexpectedly, we found no significant differences in postmortem CT attenuation between the cardiac and skeletal muscle groups. One possible explanation is that rigor mortis resulted in marked contraction of the striated muscles, abolishing any possible differences between individual striated muscles on postmortem CT.

If rigor mortis is the principal cause of the hyperattenuation of striated muscle on PMCT, then postmortem change in the CT attenuation of striated muscle should be associated with elapsed time since death, because the presence and degree of rigor mortis generally changes in the period between 1--2 hours and between 24--36 hours after death [@pone.0111457-Tsokos1]. In the present study, all PMCT scanning was performed between 1.5 and 20 hours post mortem, which coincides with the timing of rigor mortis. However, our results revealed few associations between postmortem change in the CT attenuation of striated muscle and elapsed time since death. One possibility for this finding is that the total number of patients analyzed in the study was too small to show a positive association.

We also investigated possible confounding factors of postmortem change such as gender and age. The associations between these factors and postmortem change in the CT attenuation of striated muscle were not statistically significant, which indicates that hyperattenuation of striated muscle is a general postmortem finding regardless of gender or age.

Interscanner variability of CT attenuation values (i.e., HU) is an issue that needs to be considered [@pone.0111457-Levi1], [@pone.0111457-Groell1], although almost all CT scanners show some intrascanner variability in CT attenuation values [@pone.0111457-Birnbaum1]. Recent technological innovations, however, may overcome these problems because some studies have shown negligible interscanner variability in terms of CT attenuation values [@pone.0111457-Nishihara1]. Although CT attenuation values may not be directly compared between antemortem and postmortem CT because we used different scanners at each time, we fixed the tube voltage at 120 kVp, which should help to reduce the variability. Of course, the significant differences in CT attenuation values between antemortem and postmortem CT cannot be explained without considering postmortem changes if there is any interscanner or intrascanner variability.

Our study has some other limitations. Motion artifacts from the heart may affect antemortem CT but do not affect postmortem CT. It is also possible that underlying diseases, cadaver preservation, atmospheric conditions (e.g. temperature or humidity), or other factors might contribute to the differences observed postmortem [@pone.0111457-Jackowski1], [@pone.0111457-Singh1]. However, some of these factors are unlikely to affect our conclusions because we excluded patients with cardiovascular or muscular diseases from the study, which was confirmed by the pathological autopsy, and all of the cadavers were preserved in accordance with the regulations used at our hospital.

Conclusions {#s5}
===========

This is the first longitudinal study to show that striated muscle exhibits significantly greater attenuation on postmortem CT than on antemortem CT in patients who died in hospital from nontraumatic causes.
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